Abstract: The mood-stabilizing and anticonvulsant drug valproic acid (VPA) inhibits histone deacetylases (HDACs). The aim of the present study was to determine the effect of HDAC inhibition on overall and target gene promoter-associated histone methylation in rat cortical neurons and astrocytes. We found that VPA and other HDAC inhibitors, including sodium butyrate (SB), trichostatin A (TSA), and the Class I HDAC inhibitors MS-275 and apicidin all increased levels of histone 3 lysine 4 dimethylation and trimethylation (H3K4Me2 and H3K4Me3); these processes are linked to transcriptional activation in rat cortical neurons and astrocytes. VPA, SB, TSA, MS-275, and apicidin also upregulated levels of the neuroprotective heat shock protein 70 (HSP70) in rat astrocytes. Moreover, Class I HDAC inhibition by VPA and MS-275 increased H3K4Me2 levels at the HSP70 promoter in astrocytes and neurons. We also found that VPA treatment facilitated the recruitment of acetyltransferase p300 to the HSP70 promoter and that p300 interacted with the transcription factor NF-Y in astrocytes. Taken together, the results suggest that Class I HDAC inhibition is key to upregulating overall and gene-specific H3K4 methylation in primary neuronal and astrocyte cultures. In addition, VPA-induced activation of the HSP70 promoter in astrocytes appears to involve an increase in H3K4Me2 levels and recruitment of p300. This article is part of a Special Issue entitled 'Trends in neuropharmacology: in memory of Erminio Costa'. 
Introduction
Epigenetic regulation alters the conformation state of chromatin and the accessibility of specific gene promoters to transcriptional machinery (reviewed in Beiger, 2007) . In the brain, epigenetic changes in chromatin remodeling have been observed in association with a number of neuropsychiatric and neurodegenerative disorders. Notable changes include altered levels of histone acetylation, histone methylation, and DNA methylation in both animal models of these diseases and human samples (reviewed in Akbarian and Huang, 2009; Chuang et al., 2009; Costa et al., 2009; Tsankova et al., 2007) . In most cases, histone acetylation has been associated with gene transcriptional activation and DNA methylation with repressed gene activity. However, histone methylation can have the opposite effect on transcription, depending on factors such as the lysine residue methylated and the number of methyl groups incorporated (reviewed in Renthal and Nestler, 2009) . In general, increases in histone H3 lysine 4 trimethylation (H3K4Me3) and histone H3 lysine 4 dimethylation (H3K4Me2) correlate with activation of gene transcription, while histone H3 lysine 9 dimethylation (H3K9Me2) is associated with transcriptional silencing (Akbarian and Huang, 2009; Bernstein et al., 2002; Liang et al., 2004) .
Valproic acid (2-n-propylpentanoic acid, VPA) is a histone deacetylase (HDAC) inhibitor (Göttlicher et al., 2001; Phiel et al., 2001 ) widely used as a mood stabilizing and anticonvulsant drug. Diverse cellular models of toxicity as well as animal models of neurodegenerative diseases have shown that VPA exerts its neurotrophic and neuroprotective effects via inhibition of HDACs to modulate histone acetylation levels and transcriptional activity (reviewed in Chuang et al., 2009 ). Other pan-HDAC inhibitors include the structurally similar sodium butyrate and structurally dissimilar trichostatin A (TSA) (reviewed in Chuang et al., 2009) . MS-275 and apicidin are Class I-specific HDAC inhibitors (Khan et al., 2008; Simonini et al., 2006) . HDAC inhibitors can elicit neuroprotection in a wide range of neurodegenerative conditions through their neurotrophic, neuroprotective, and anti-inflammatory properties ). In addition, several preclinical studies have indicated that the HDAC inhibitors sodium butyrate (SB) and MS-275 exert antidepressant-like effects in mice, further suggesting a role for HDAC inhibition in some mood-stabilizing effects of VPA (Covington et al., 2009; Schroeder et al., 2007) . In cultured brain cells, HDAC inhibition by VPA, SB, or other inhibitors has been shown to induce prominent neurotrophic and neuroprotective molecules such as brain-derived neurotrophic factor (BDNF) , glial cell line-derived neurotrophic factor (GDNF) (Chen et al., 2006; Wu et al., 2008) , and α-synuclein (Leng and Chuang, 2006) .
Heat shock protein 70 (HSP70) is a member of the heat shock protein family, and a major cytoprotective protein that acts as a molecular chaperone to facilitate proper protein folding.
HSP70 also has anti-apoptotic and anti-inflammatory effects. It upregulates the anti-apoptotic protein, B-cell lymphoma 2 (Bcl-2), binds to block apoptosis-inducing factor, and interferes with apoptosis protease-activating factor-1 (Yenari et al, 2005) . In an experimental cerebral ischemic model of stroke, HSP70 exhibited anti-inflammatory actions by blocking NF-κB activation in the brain (Zheng et al., 2008) . Overexpression of HSP70 showed beneficial effects in rodent models of cerebral ischemia, amyotrophic lateral sclerosis, and Huntington's disease, among others (reviewed in Brown, 2007) . Changes in HSP70 mRNA levels have also been observed in the brains of individuals with schizophrenia or autism (Arion et al., 2007; Garbett et al., 2008) . A recent study from our laboratory found that VPA treatment increased HSP70 levels in rat cortical neurons via HDAC inhibition and subsequent transcriptional activation, and this event contributed to VPA neuroprotection against glutamate-induced N-methyl-D-aspartate (NMDA) receptor-mediated excitotoxicity ).
It has recently been suggested that histone methylation-induced chromatin remodeling has important neurophysiological effects in the central nervous system (CNS) (Tsankova et al., 2007; Gupta et al., 2010; Akbarian and Huang, 2009; Kim et al., 2007b) . However, its role in the expression of specific neuroprotective proteins in response to HDAC inhibition is unclear. In this study, we sought to determine the effects of VPA and other HDAC inhibitors on H3K4 dimethylation and trimethylation in rat cortical neurons and astrocytes. We further sought to correlate these effects with changes occurring at the promoter of a target gene HSP70 after treating these cells with HDAC inhibitors.
Materials and Methods

Rat astrocyte and cortical neuronal cultures
For rat astrocyte cultures, mixed glia cultures were initially prepared from the brains of one-day-old Sprague-Dawley rat pups, as described previously (Liu and Hong, 2003) . Briefly, brain cells were mechanically dissociated and seeded in DMEM/F12 growth medium supplemented with 10% fetal bovine serum (FBS) on poly-L-lysine precoated 150 cm 2 culture flasks. Upon reaching confluence, microglia were detached from astrocytes by shaking the flasks for five hours at 180 rpm. Astrocytes were then passaged several times and seeded onto poly-Llysine-precoated six-well plates for experiments. Rat cortical neuronal cultures were prepared from the cerebral cortices of 18-day-old Sprague-Dawley rat embryos as described previously . Briefly, cortices were dissected and cells were dissociated by trypsinization, trituration, and DNase treatment. Dissociated cells were resuspended in serumfree B27/neurobasal medium and plated on poly-D-lysine-precoated six-well plates. were then washed three times with lysis buffer, mixed with loading buffer containing 5% β-mercaptoethanol, and boiled for four minutes.
Immunoblotting analysis and immunoprecipitation
Chromatin immunoprecipitation assay
Samples for chromatin immunoprecipitation (ChIP) assays were processed using the ChIP-IT Express kit protocol (Active Motif, Carlsbad, CA, USA). Briefly, rat astrocytes from two 6 cm culture dishes were treated with 1.5 mM VPA, 5 µM MS-275, or vehicle for 48 hours;
alternately, 1.2 × 10 7 cortical neurons at DIV-8 were treated with 5 µM MS-275 or vehicle for 72 hours. After cross-linking with 1% formaldehyde at 37°C for 10 minutes, cells were washed with PBS and lysed, followed by centrifugation at 2,400 g. Nuclear pellets were resuspended in shearing buffer and sonicated (10 pulses of 15 seconds each for astrocytes and 12 pulses of 15 seconds each for neurons) using a sonicator (Sonic and Materials, Newtown, CT, USA) to shear DNA into 500-1000 bp fragments. Ten percent of the mixture of protein/DNA complex was taken for 'input DNA' analysis. An equal amount of the protein/DNA complex was then incubated with magnetic beads and an antibody against dimethylated H3K4, p300 or without an antibody at 4°C overnight. DNA was immunoprecipitated and eluted from the magnetic beads and the cross-linking was reversed. Input and ChIP DNA were analyzed using polymerase chain reaction (PCR). The HSP70-2 (HSPA1B) promoter region was PCR amplified using forward primer 5'-CCCAGCCCCTAAAGTTTGTT-3' and reverse primer 5'-GGGGATAGGGCTGATTAAGATT-3'. ChIP and input DNA were mixed with ReactionReady Hotstart 'Sweet' PCR mix (SA Biosciences, Frederick, MD, USA) and the amplification was carried out for 33 cycles. The PCR products were electrophoresed on a 2% agarose gel, stained with ethidium bromide, and visualized by UV illumination. 
Statistical analysis
GraphPad Prism (GraphPad, San Diego, CA, USA) was used to analyze results for statistical significance, using two-sample t-tests or one-way analysis of variance. Data shown are representative from three independent experiments.
Results
HDAC inhibition increased H3K4 dimethylation, trimethylation and monomethylation levels in rat cortical neurons
A recent study from our laboratory found increased H3K4Me3 in rat cortical neurons treated with VPA . Building on his work, we sought to determine the effect of VPA on H3K4Me2 and H3K4Me1 levels, which are also linked to transcriptionally active chromatin. We found that treating rat cortical neurons with 0.25-2 mM VPA for 72 hours increased levels of H3K4Me2 in a dose-dependent manner; statistical significance was noted at 1 and 2 mM (Fig. 1A, B) . VPA treatment under these conditions also apparently increased H3K4Me1 levels. At a dose of 1.0 mM VPA, the increase in H3K4Me2 and H3K4Me1 was observed at 24 and 72 hours post-treatment and persisted for at least five days (Fig. 1C) . To confirm the role of HDAC inhibition in VPA-induced effects on histone methylation, we treated cortical neurons with several other HDAC inhibitors: MS-275, SB, TSA, and apicidin. Treatment with 1-5 μM MS-275, 0.25-2 mM SB, 25-100 nM TSA, or 10-500 nM apicidin for 72 hours increased H3K4Me2 and H3K4Me3 levels in cortical neurons ( Fig. 1D-G) .
HDAC inhibition increased H3K4Me2 and H3K4Me3 levels in rat astrocytes
We then determined the effects of VPA and other HDAC inhibitors on H3K4Me2 and H3K4Me3 in a primary culture of rat astrocytes. Treatment of astrocytes with 0.75 or 1.5 mM VPA for 48 hours increased levels of H3K4Me2 and H3K4Me3 ( Fig. 2A, B) . Furthermore, treatment with 1 or 5 μM MS-275, 0.75 or 1.5 mM SB, 50 or 100 nM TSA, or 50 or 250 nM apicidin for 48 hours also elevated H3K4Me2 and H3K4Me3 levels in astrocytes ( Fig. 2C-F) .
Taken together, these data suggest that general and Class I-specific HDAC inhibition increased H3K4Me2 and H3K4Me3 in both primary neuronal and astrocytic rat cultures. Interestingly, levels of H3K9Me2, which is linked to transcriptional silencing, were decreased in astrocytes treated with MS-275 (Fig. 2C) , TSA (Fig. 2E) or apicidin (Fig. 2F) .
VPA, MS-275, and other HDAC inhibitors increased HSP70 levels in astrocytes
Next, we sought to determine whether treatment with HDAC inhibitors is associated with changes in levels of the transcriptional activator H3K4Me2 at a specific target gene. Since previous work from our laboratory demonstrated that Class I HDAC inhibition increased HSP70 levels in rat cortical neurons ), we examined the effects of HDAC inhibitors on HSP70 levels in astrocytes.
Treatment with VPA for 48 hours at 0.75 or 1.5 mM increased astrocytic HSP70 levels; statistical significance was noted at both doses (Fig. 3A, B) . The increase was observed after 48
or 96 hours treatment with 1.5 mM VPA (Fig. 3C) . Treatment with MS-275 (1 or 5 µM), SB (0.75 or 1.5 mM), TSA (50 or 100 nM), and apicidin (50 or 250 nM) also increased HSP70 levels in astrocytes after 48 hours (Fig. 3D-G) . As expected, all HDAC inhibitors increased levels of H3 acetylation. Only TSA at 100 nM marginally increased levels of acetylated tubulin, a substrate of Class IIb HDAC 6 isoform (Fig. 3) .
VPA and MS-275 increased H3K4 dimethylation on the HSP70 promoter
Next, we used a ChIP assay to determine the levels of H3K4Me2 bound to the HSP70 promoter region in astrocytes and neurons after treatment with VPA or MS-275. Both untreated and treated cells were cross-linked with formaldehyde and lysed to prepare the nuclear pellet, which was then sonicated to shear DNA. The protein/DNA complex was incubated with antiH3K4Me2 antibody and the immunoprecipitated DNA was purified and PCR-amplified using primers specific for HSP70 promoter. Treatment of astrocytes with 1.5 mM VPA for 48 hours markedly enhanced HSP70 promoter-associated H3K4Me2 levels, compared with vehicletreated control (Fig. 4A) . A similar increase in H3K4Me2 levels at the HSP70 promoter was found in astrocytes treated with 5 µM MS-275 for 48 hours (Fig. 4B) . Further, in cortical neurons treated with 5 µM MS-275, H3K4Me2 levels at the HSP70 promoter were also markedly enhanced compared with vehicle-treated neurons (Fig. 4C) .
p300 and NF-Y are involved in the induction of HSP70 by VPA in rat astrocytes
We previously observed an increase in p300 levels at the HSP70 promoter in rat cortical neurons treated with VPA ). Therefore, we tested whether VPA affects the recruitment of p300 to the HSP70 promoter in rat astrocytes. Treatment with 1.5 mM VPA for 48 hours led to an increase in p300 occupancy of the HSP70 promoter detected by ChIP assay (Fig.   5A ). Because NF-Y can interact with p300 and is an important regulator of the acetylation responsiveness in the Xenopus HSP70 promoter (Huang et al., 2005; Li et al., 1998) , we used immunoprecipitation with anti-NF-Y antibody to determine whether NF-Y and p300 interact in astrocytes. Results showed that p300 and NF-Y were both present in a complex in astrocytes treated with vehicle or 1.5 mM VPA for 48 hours, and that this interaction was enhanced by VPA (Fig. 5B) . Our previous study suggested a role for the transcription factor Sp1 binding to the HSP70 promoter in the induction of HSP70 in cortical neurons ). We therefore also used anti-NF-Y antibody to examine whether NF-Y and Sp1 can be coimmunoprecipitated. Data showed that Sp1 was indeed bound to NF-Y and such interaction was enhanced by VPA treatment in both cortical neurons and astrocytes (Fig. 5C ).
Discussion
The present study and our previous data demonstrate that VPA, as well as other pan-and Class I-specific HDAC inhibitors, increase H3K4Me2 and H3K4Me3 levels in rat cortical neurons and astrocytes ( Figs. 1 and 2 ). HDAC inhibitors are well known to activate gene transcription by increasing histone acetylation levels, thereby unraveling DNA around the histone core to recruit transcriptional machinery. However, HDAC inhibitors may exhibit additional chromatin-modifying properties. For example, VPA and MS-275 have been found to facilitate DNA demethylation of promoters of reelin and glutamic acid decarboxylase 67 in cell lines and animal models (Dong et al., 2007; Kundakovic et al., 2009) . HDAC inhibitors also affect histone methylation, thus implying a cross-talk among histone acetylation, DNA methylation, and histone methylation (Gavin et al., 2009; Nightingale et al., 2007; Perisic et al., 2010) .
Also consistent with this notion is the observation that the hyperacetylated state of H3K9
is correlated with hypermethylated H3K4 in vitro, as determined by mass spectrometric western blotting (Zhang et al., 2004) . Moreover, physical and functional interactions between histone deacetylases and histone demethylases have been demonstrated in cell-free systems and intact cells (Lee et al., 2006a) . Emerging evidence suggests that histone H3 methylation may play a crucial regulatory role in the neurophysiology of the CNS. For example, abnormal histone covalent modifications, including histone methylation, have been implicated in the pathophysiology of schizophrenia and other mental disorders (Akbarian and Huang, 2009) . It is also noteworthy that treatment of rat neural precursor cells with VPA or phenylbutyrate enhanced FGF withdrawal induced upregulation of glutamate decarboxylase 1 and neuropeptide Y mRNA, as well as H3K4Me3 at their promoters (Huang et al., 2007) . Contextual fear conditioning causes both trimethylation of H3K4 and dimethylation of H3K9 in the hippocampus of rodents, suggesting that histone methylation-mediated transcriptional activation and silencing occur during memory formation (Gupta et al., 2010) . The same study found that HDAC inhibition by SB treatment upregulated H3K4Me2 but downregulated H3K9Me2 after contextual fear conditioning, further supporting a link between histone acetylation and histone methylation.
The current study showed that treatment of astrocytes with MS-275, TSA and apicidin all decreased the levels of H3K9Me2 (Fig. 2) . Our preliminary results also showed that HDAC inhibition induced a decrease in H3K9Me2 in cortical neurons (data not shown). Further studies in this area are warranted.
VPA, SB, and TSA are non-selective HDAC inhibitors, while MS-275 and apicidin selectively inhibit Class I HDACs. The fact that H3K4Me2 and H3K4Me3 levels were increased in neurons and astrocytes after treatment with MS-275 or apicidin suggests that inhibition of Class I HDACs is intricately coupled to enhanced histone H3K4 dimethylation and trimethylation ( Figs. 1 and 2) . Similarly, Class I HDAC inhibition is likely the target for HSP70 induction in astrocytes (Fig. 3 ) and cortical neurons . The HDAC isoform(s) affected by HDAC inhibitors to elicit H3K4 methylation upregulation and HSP70 induction remains to be identified. Given that MS-275 and apicidin have the highest affinity for HDAC1 and 2, and HDAC2 and 3, respectively, one may speculate that that HDAC1, 2 and 3 isoforms are possible candidates for HDAC inhibitors to induce changes in the histone H3 methylation state. In this context, a multiple protein complex containing HDAC1/2 and the histone demethylase BHC110 (LSD1) has been detected (Lee et al., 2006a) . HDAC2 has recently been shown to have negative effects on dendritic spine density, synapse formation, synaptic plasticity, and memory formation (Guan et al., 2009) . Further, BDNF can be induced in cortical neurons by siRNA-mediated silencing of HDAC1 or by contextual fear conditioning in rodent hippocampus with increased H3K4Me3 at the BDNF promoter (Gupta et al., 2010) . Regardless of the HDAC isoform(s) involved, inhibition of Class I HDACs has been reported to have important neurophysiological consequences; these include reversal of contextual memory deficits in a mouse model of Alzheimer's disease (Kilgore et al., 2010) , and antidepressant-like properties in rodent models of depression (Covington et al., 2009 ).
Here, we detected increased H3K4Me2 levels at the HSP70 promoter after treatment with VPA and MS-275 (Fig. 4) . Because H3K4Me2 levels are associated with active gene transcription, these effects may contribute to the upregulation of HSP70 by VPA and MS-275.
Changes in H3K4Me2 and H3K4Me3 may also occur in response to treatment with psychoactive drugs. For example, tranylcypromine, a nonselective monoamine oxidase inhibitor (MAOI)
antidepressant, inhibits H3K4Me2 demethylation by BHC110/LSD1 (Lee et al., 2006b ).
Furthermore, levels of H3K4Me3 in cortical interneurons depend on the activity of histone methyltransferase mixed-lineage leukemia 1 (Mll1), and H3K4Me3 levels at the GABAergic gene promoters are increased by treatment with the atypical antipsychotic clozapine (Huang et al., 2007) .
In the present study we observed that the acetyltransferase p300 was recruited to the HSP70 promoter in rat astrocytes after VPA treatment, and that p300 formed a complex with the transcription factor NF-Y (Fig. 5A, B) . NF-Y also appears to interact with the transcription factor Sp1 in astrocytes and neurons (Fig. 5C ). NF-Y has been identified as important for acetylation responsiveness of the HSP70 promoter in Xenopus (Li et al., 1998) . Our data imply that the recruited p300 interacts with NF-Y. The importance of the formation of a multiprotein complex between PCAF/p300 and Sp1/NF-Y for TSA induction of transforming growth factor beta II promoter activity in pancreatic cell lines has been demonstrated (Huang et al., 2005) . A study from our laboratory also observed that Sp1 plays a role in HSP70 induction by VPA in cortical neurons . Taken together, these results suggest that the formation of a complex between NF-Y and Sp1 and the recruitment of p300 may be necessary for the induction of HSP70 by VPA.
The heat shock response is a conserved, ubiquitous cytoprotective mechanism and plays a critical role in cellular defense against diverse insults. Our previous study found that HSP70 is an important target for VPA and other HDAC inhibitors, and is part of the mechanism through which they exert neuroprotective effects against glutamate-induced excitotoxicity in primary neuronal cultures Leng et al., 2010) , as well as in a rat model of cerebral ischemia (Ren et al., 2004; Kim et al., 2007a) . HSP70 upregulation has been shown to stabilize the NF-κB-IκB complex, thereby preventing the nuclear translocation of the activated NF-κB subunits (Rel A and p50) to elicit inflammatory responses (Zheng et al., 2008) . Therefore, induction of HSP70 by VPA or other HDAC inhibitors likely contributes to the anti-inflammatory effects of these drugs in vitro and in vivo (Chen et al., 2006; Kim et al., 2007a) .
Growing evidence suggests that astrocytes help control the amount of glutamate acting on neurons and provide them with trophic support, and that abnormal astrocyte function may be key to a variety of brain disorders (Miller, 2005) . VPA has been shown to induce BDNF from both neurons and astrocytes in culture (Wu et al., 2008; Yasuda et al., 2009 ) and GDNF from cultured astrocytes (Chen et al., 2006; Wu et al., 2008) , suggesting that both neurons and glia are direct targets of VPA. Our current findings that HSP70 is induced by VPA through HDAC inhibition in both neurons and glia suggest that these actions on HSP70 expression in both types of brain cells may have a considerable impact on use of this drug in neurodegenerative and neuropsychiatric diseases.
In conclusion, the present study demonstrated for the first time that Samples were subjected to immunoblotting for HSP70, AcH3, Ac tubulin, and β-actin. 
